12 United States Patent

Gritti et al.

US010128761B2

US 10,128,761 B2
*Nov. 13, 2018

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)

(21)
(22)

(65)

(63)

(1)

(52)

(58)

CONTROL METHOD AND DEVICE
EMPLOYING PRIMARY SIDE REGULATION
IN A QUASI-RESONANT AC/DC FLYBACK
CONVERTER

Applicant: STMICROELECTRONICS S.R.L.,
Agrate Brianza (IT)

Inventors: Giovanni Gritti, Bergamo (I'T);
Claudio Adragna, Monza (IT)

Assignee: STMicroelectronics S.R.L., Agrate
Brianza (IT)
Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by O days.

This patent 1s subject to a terminal dis-
claimer.

Appl. No.: 15/261,340

Filed: Sep. 9, 2016

Prior Publication Data

US 2017/0063242 Al Mar. 2, 2017
Related U.S. Application Data

Continuation of application No. 14/572,627, filed on
Dec. 16, 2014, now Pat. No. 9,455,636.

Int. CL
GO5SF 1/10 (2006.01)
HO2M 3/335 (2006.01)
(Continued)
U.S. CL
CPC ......... HO2M 3/33507 (2013.01); HO2M 1/08

(2013.01); HO2M 1712 (2013.01);

(Continued)

Field of Classification Search
CPC ... HO2M 3/33507; HO2M 1/08; HO2M 1/12;
HO2M 1/4241:; HOSB 33/0845; YO2B
70/126; YO2B 70/1433

(Continued)

(56) References Cited
U.S. PATENT DOCUMENTS
5,502,370 A * 3/1996 Hall .................... HO2M 1/4225
323/284
5,729,443 A 3/1998 Pavlin
(Continued)
FOREIGN PATENT DOCUMENTS
CN 101527520 A 9/2009
CN 102255490 A 11/2011
(Continued)

OTHER PUBLICATIONS

Adragna, “Design Equations of High-Power-Factor Flyback Con-
verters Based on the L6561,” AN 1059 (Application Note),
STMicroelectronics, pp. 1-20, Sep. 2003.

(Continued)

Primary Examiner — Rajmikant Patel
(74) Attorney, Agent, or Firm — Seed 1P Law Group LLP

(57) ABSTRACT

The present disclosure 1s directed to a primary-controlled
high power factor quasi resonant converter. The converter
converts an AC power line input to a DC output to power a
load, generally a string of LEDs, and may be compatible
with phase-cut dimmers. The power mput 1s fed into a
transiformer being controlled by a power switch. The power
switch 1s driven by a controller having a shaping circuit. The
shaping circuit uses a current generator, switched resistor
and capacitor to produce a reference voltage signal. The
controller drives the power switch based on the voltage

reference signal, resulting 1n a sinusoidal input current 1n a
primary winding of the transformer, resulting 1n high power
factor and low total harmonic distortion for the converter.

20 Claims, 22 Drawing Sheets

(20-- i 1

132171




US 10,128,761 B2

Page 2
(51) Int. CL 2&6;0103158 Al 4;20;6 Gravati etlal.
: 2016/0172981 Al 6/2016 Grittr et al.
HOZM 1708 (2006'02“) 2016/0248323 Al 8/2016 Gritt1 et al.
HO2M 1/12 (2006.01) 2016/0261199 Al 9/2016 Adragna et al
HO2M 1/42 (2007.01) 2017/0117814 Al 4/2017 Adragna et al.
HO5B 33/08 (2006.01) 2018/0048239 Al 2/2018 Adragna et al.
(52) U.S. CL _ _
CPC ... HO2M 1/4241 (2013.01); HO5B 33/0815 FOREIGN PATENT DOCUMENTS
(2013.01); HO5B 33/0845 (2013.01); Y028 CN 104038045 A 9/2014
70/126 (2013.01); YO2B 70/1433 (2013.01) EP 2 753 148 Bl 9/2015
(58) Field of Classification Search
uspC ... 323/222, 224, 225, 282-288, 271-276; OTHER PUBLICATTONS
363/21.12-21.18 _ | |
See application file for complete search history. Adragna, “Primary-Controlled High-PF Flyback Converters Deliver
Constant D¢ Output Current,” Proceedings of the 2011—14"" Euro-
(56) References Cited pean Conference on Power Electronics and Applications (EPE
2011), Aug. 30-Sep. 1, 2011, pp. 1-10.
U.S. PATENT DOCUMENTS Erikson et al., “Design of a Simple High-Power-Factor Rectifier
based on the Flyback Converter,” Applied Power Electronics Con-
6,181,120 Bl 1/2001 Hawkes et al. ference and Exposition (APEC ’90), Conference Proceedings, pp.
6,300,723 B1  10/2001 Wang et al. 792-501, Mar. 1990. |
6,356,466 Bl 3/2002 Smidt et al. Adragna et al., “Flyback Converters with the L6561 PFC Control-
6,853,563 Bl 2/2005 Yang et al. ler,” AN1060 (Application Note), STMicroelectronics, pp. 1-11,
6,944,034 B1* 9/2005 Shteynberg ......... HO2M 1/4258 Jan. 2003.
393/782 Wang et al., “An Improved Control Strategy Based on Multiplier for
6,984,963 B2* 1/2006 Pidutti ................ HO2M 1/4225 CRM Flyback PFC to Reduce Line Current Peak Distortion,” IEEE
393/207 Energy Conversion Congress and Exposition (ECCE), Sep. 12-16,
7,016,204 B2*  3/2006 Yang ............. HO2M 3/33507 2010, pp. 901-905. | N |
363/21 .13 Yan et al., “Vanable-On-Time-Controlled Critical-Conduction-
7.425.857 B2 9/2008 Confalonieri et al. Mode Flyback PFC Converter,” I[EEE Transactions on Industrial
7,440,297 B2* 10/2008 Adragna ................ HO2M 1/32  Llectronics 61(11):6091-6099, Nov. 2014.
323/222 Zhang et al., “An Optimal Peak Current Mode Control Scheme for
7,928,701 B2 4/2011 Usui Critical Conduction Mode (CRM) Buck PFC Converter,” 10th
8,194,420 B2* 6/2012 Tumminaro ...... HO2M 3/33507 China International Forum on Solid State Lighting (ChinaSSL),
363/21.04 Nov. 10-12, 2013, pp. 182-189.
8,467,209 B2* 6/2013 Adragna ............. HO2M 1/4225 Electric Lamp & Component Manufacturers® Association of India,
323/222 “Lighting Industry 1n India Performance Year 2012,” retrieved from
8,513,926 B2 8/2013 Park et al. www.globallightingassociation.org/documents/gla_papers/ELCOMA
8,520,416 B2  8/2013 Xie et al. presentation to GLA_ April 24 2013.pdf on Apr. 30, 2018, 27
8,525,495 B2 9/2013 Werle et al. pages.
g’ggg’ggg E% N lgggj g;os?;?;flikl et al. HOOM 1/44 EU Science Hub, “Energy Eficiency,” dated Nov. 14, 2016, retrieved
e T T e 163/71 05 from https://ec.europa.eu/jrc/en/energy-efliciency on Apr. 30, 2018,
8,917,527 B2  12/2014 Fang et al. 2 pages. o . L .
0.077.253 B2* 7/2015 Adragna ... HO2M 3/33507 ~ Covernment of India Ministry of Railways, “Functional Require-
0.190.835 B2  11/2015 Chen ment Specification for Energy Efficient LED Based Luminaire Unit
9,326,336 B2* 4/2016 Knoedgen .......... HOSRB 33/0815 for Indoor Lights to be Used in Indian Railway Ofhlices and
9,520,796 B2  12/2016 Adragna et al. Buildings,” retrieved from www.rdso.indianrailways.gov.in/uploads/
9,577,537 B2* 2/2017 Zhang .............. HO2M 3/33507 File/110426_FRS_LED Indoor lighting specifications. EOI(1).
9,614,445 B2* 4/2017 Zhu ................... HO2M 3/33507 pdf on Apr. 30, 2018, 10 pages.
9,800,164 B1* 10/2017 Li ..o, HO2M 3/33515 The Climate Group, “India Announces Critical Standards on LED
9,866,124 B2 1/2018  Stamm Lighting,” retrieved from https://www.theclimategroup.org/what-
9,913,329 BZ 3/2018 Gritt we-do/news-and-blogs/India-announces-critical-standards-on-L ED-
2004/0095101 Al 52004 Pidutt1 et al. lighting on Apr. 30, 2018, 4 pages.
2012/0026765 Al 2/2012° Adragna U.S. Department of Energy, Appli d Equi t Standard
2012/0281438 Al  11/2012 Fang et al. e LD elgy, AppHAnte ant LAUIPMEHE Staliares
5013/0070485 A | 219013 1 ot al Rulemakings and Notices, “External Power Supplies,” retrieved
2013/0114308 Al 5/7013 T.iao et al from https://www1 .eere.energy.gov/buildings/appliance standards/
2013/0154487 Al 6/2013 Kuang et al. standards.aspx?productid=1 on Apr. 30, 2018, 6 pages.
2013/0162297 Al 6/2013 Gravati et al.
2015/0055378 A1 2/2015 Lin et al. * cited by examiner



(1Y 10LL]) | 231y

US 10,128,761 B2

s

Sheet 1 of 22

gy

Nov. 13, 2018

L ]
. gl Byl gy ey el gt g gk gl gk Bl By By gl el bplge o plgd gl g

U.S. Patent



U.S. Patent

Nov. 13, 2018

Sheet 2 of 22 US 10,128,761 B2

T Ll
o
T Ll
- r o=
T L]
- ro-
T Ll
- r o=
T L]
- ro-
T Ll
- r -

T .
T B
-
T
-
T
-
T.
T
-
T
-
L T
3 -
- T
: -
- T 3
L -
' Y
3 E Lol alin alle sl ol ol oy s -
" | A T T Y WL N
- - - s s T s T TTETTTTEEEEEEE T E T r.|.
. X .
. - r -
- o - T, e -
' ." vt i M e S R
b - L] L] ¥
— - - - - e i, .
- . [ s 1‘ T -
[ '1 a , - ] L) T .
) . - - r -
* 1 " " Wt T .
- L3 . -
a _t_ - .l.‘ [ . ' s T. P
. . - - . T. .
b - _h 1..-."-. e LR N NN NN NN NN NN RN NN RN N N L
- X :-_
L} X o
- [ .
- . .
.
e R ) : -
D _ y .
L] e ‘;" . . . T
#-:l r’r T. i [
- T
- - L]
T .
- - 1
T .
- - L]
T .
- - L]
T .
- - 1
T .
- - L]
T .
- - 1
T .
- - 1
T .
T L] L]
Com mom m w wom m m m om m m m om o m w mom o wom m W + . "
. iy . - "
. - - r - . !
R T, L . . ]
! T . . .
. - - e .
-‘ T_. _.. ,.. - Ny
. T . .
i . - - r - . 1
- N T, ., o . .
i " T - .- . !
- h T, LN o . y
- - (] T L] L]
r - b - " . T s i Wt - .
f N I _h aa’ . "ql. ;' . . w . . s - P == . - y
s | " M e Ty el S :
r . k- - . . h -
= o - .- - L | 1 .-I' b ] - } - L | ._._ - - L h z - ? L]
.. [ - .
i : ‘1-| i /Rl i wr R *-'- . t.-.- r -:- . -: P - -'Jnl}-.- - "y
- r . -
- § Ll e T L] " = 4 b - - ':
" ' x "y 1o w n.a x - - - L v LI ] " o ot omog oy ok
N M ER R L T iR . *_ @r PN LWL ¥ -
. ' 1'*5:‘; *::ai::: :“é} *1‘} T . i -:' h ‘E e :: n -:1-5‘ .:.F. ._:: _:
] . r a - - r - M | i - . _
o - .,‘ . T_. _.. ,.. - -'. .'n.‘ ... -~
» . b L] ., T ] . 1 -
' r - = e L] - . i .,' - L1
_I' r - a” ! - ‘:.. L -l"-I"-l"-i"-l"-l"-l"-I"-l"-l"-l"l"l"-l"l"l"l"l"l"-l"l"l" -l"-l"-l"-l"l' LI I I L L L L L . " A Wt L L L I L L e L L L L L e L L L L R L R R
i SN B . - ' ; # i . .
: 4 ) . ; L -
- . - . e W
o T -
L] ] T " » M
al. . - e o w
-‘- ] T_. -.. ,.. ....
1‘- T.- —.- r.- -.-
) - v )
L y ! T - .- L
1 T . . "
- " " [ + W " 'S
) i ~ e - . - . o .,
1 wmre 'y -‘. T . - T_. ", _.. ,.. .... -
r o - a "'-' T - .- , i N
ill j * " ¥ - *lq o ™ - Pl M, o r
- E ! 3 i
h i TN T T T TN N N - TN T N T N T T L I - T T T T
_/: r - {'? ? 2 _f j i e P W i e L i e .
. 3 T . [
¥ y . . [ J
. , ; x, o - ;
. 4 T "1 . vy . -'l
" - - . - - [ L) .
A .h T, "p. ‘-' . ,.. . ‘. -~ -
B - . - & T |;ﬂ L . " "
- - - - .- I < I N
.' * - L r :‘! U R R R R R LR R RS L N R N N N N N N N R N N R N N T N N N R N N A N A R N AR "l .n'l-'a.'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'h "L 'b.n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'n'q'n'n'n'n'n' '3 JEAeRTERRRRYARAY
L] . U T " o N LN \ ' .
a b - y . N
— - - .'. . = e . .
T - . L I T PR T T
Sy e m o m m m m m m m m s m m m a m m m o m m m W e e o m m m m m m m m e e m m m m m m m m m m e m m ol IR A
WSRO . . . . . \ n .:'
N i . . - " N N h
. i - . - o N N .
N - . . " " N R h .
. - r . "u v "y " '
.- . - - r - w e 1 "
.‘. T T, .... - ..l ‘. - '.
1 - T . e W i " '
Al - - - r - - w Al \ "
L - 'y . L L - N L
\ T T R R T R R R T N R R R R R R R N N R R N R R R R R R nn . W . i "
" L A A AAAAAAALALAALALALALALALALALAALALALAALALALAALALALAALALALSLAALALAMS L " Pl b,
e - i " ’ s
N J - " :.
. _: " " :..
1“ L " e :u
N o " W -
Ty ! - " :
-|. o, rl- "I. :l.
N J - " :.
. _: " i :..
1“ L " e :u
§ o i W :"
N b _: " " :.
. . - "
e e e e e e e e el el el al Sl el e al al a t  al al  at al al  a a n , e i e P A P i e e T i)
T - .- S u v
T, _.. .. ... = '.
T . " W " "
iy . e W . '
- - .- e T K o
- - r - w 1 " - '
T . e W . " .
T.- . " " R i A
4ll 1_-' 4.1 1 L W _h L L L ©
. . A L " R LA
e : .-I .- “r T .
- F, i LI " N '
. : .: " " _: "
- r - - w '
- . T iz 3 . L -
"l":llt -‘J- T £ _'l " W -" -
x . m iy K ,I e W . '
t. > "; ' . . + IR “r T .
" o r T aE - - m y f
* ¥ T . 3 . L] -
T K ,'I e W " -
- i L - w ! '
T b ., L] ] -
'r- £ _ll " T _ .
. ; X LI " R '
- ; el _ 1~ - [ =
---------------------------------------------------------------------------------------------- N L T T T T e T T T T T T T e T T T T T T T T e T T T e T S T S T T T T T T S Y L ol ol ol ol
.n.n.n.n.n.n.n.n-n.n.nnnnn.n.n.n.n.n.n.n-n.n.n-n.n.n-n.n.n.|..|..|.|.|..|..|.|.|.|.|..|.|.|..|..|..|..|..|.-|..|..|.-|..|..|.-|.|.|..|.-|..|..|.-|..|..|.-|..|..n-n.n.n-n.n.n-n.n.n-n|n.n-npnnn-n.n.n-nnnnnnnnI
T - .- S u G
T, .... .. ... = '.
T . " . _ o
iy . e W . "
r . "u ||: " "
'r.- " " b - "u
iy . e W . '
A . o e N "
T, _.. .. .. = '.
T . " W _h .
- - - L n L] L
T . . ] - "
r . "u L " "
'r.- [ r- T -~ Ii
iy . e - . "
r . "u L " N
+ . " - " '
- - r - 1 -
T, . . - - "
T . "u L " "
+ . " - " "
iy . e - . "
r . "u L " N
+ . " - " '
3 s i - . -
T, - - " "
T . . L - '
b e e e e o e o e oyt e e e o e o i .-.' -.'.-.' = .-.' = .-.' = --. b .-.' -.'.-.' b e e e e e ; e e e e e e et e e e L L b L e e e .-.' b e e e e .'.' b e e e et e e e -.'I
. B . - "
'
T . [ = - - d N - - ] )
- L ] L} | ] i | ] L] L]
; N S T A A b T )
T - e - q.-"a ‘m -lﬁ'ﬁ.. .q . -'b.;- e, "y
T ., - -k - v SEEC I -
- - . " - W _:
"o LN N -
a,t,tm.,t,t,t, Terw N -
T . ] u -
. . r " R
- 1-" L] '-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-|-| -‘ _-|-|-|-|-|-|-|
o - - . ! . L] AT T Y,
N b . - . ]
f' ﬂ Bt T ) . "
_r - - T ! . y
. T ) . 1
- T ) . .
- '
- - . 1
. T ) . 1
- T ) . !
- T ! . 1
. T ) . 1
- T ) .
. " = = m = = = m = m o m s momom s m = m = = m m o m momoE . m mE m = mm m momoE mamm m momm = um ! Y
-. ! " m E § ®E E E E E E E E R E ®
K T
i - .
. - T
- .
I r L 3
v - . T .
. - T
v - r- -
- B ] L} - .
T } :-r - - :.- .
LTI L L L L L ; _r-' " w a s = E_ m_n L T T T T R T T T T T R T T T T T R T T T T T N T T I T T T T T T T T T T T T I T T L R T
T 5 + . il
, s . i:‘ - .- ; { o
’ \ ! :" Ca}' 1{1}' L - T . o "
. . . .
3 3§ o E ; 3 ;
L - . . .
] ~. B FJ ) < " - -,
] . 1:! 1 F ' i - L 1 L]
. A ¥ - - T . . E
- M . - e y Tn
1-" " m 1 1‘
v . N n Y
. .- | L]
. . . .
r - u L) 1
M e L R L T T T - 1 - m 3 3 I'__. A L L T T T - N L R R L T T T T
, .___-_-,-_-,-_-,-_-_-_-_'_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_;.-;WHI-..;_ - o e e e e e e e m m a mm m Ipwr. ' ey '
] - o iy L
- - v 1.-._..:._. ol bt w . .. R
v "'s i h:
y o
- - g b~
R ' -
- . - 4
- 1 r .
- - &" b .,.“
- s . g o _ |-=
= " Ll T m - ! ' ™ -
- " N L] T [
: 3 : o 3
- . .
_ . - - L] o ! WA _I
|,':"' B . : '} . ! -t . t-=
w_d - - B .l ' L N
- - - 3 .t b " ol
i : % ! . X
i ™ N
- - T . - . - -
- . 5 - St .,.:
- N 3 : ' - "
- ;
- - - it
t I LR L L L L L L L N L '-l--ll-lqlqll " -
ol o ol ol ol e ol o o o 8 ol 8 ¥ - ) -

Figure 2

!

3

(Prior Art)



US 10,128,761 B2

Sheet 3 of 22

Nov. 13, 2018

U.S. Patent

: {:u
0

¢

.i.". L™
X

1

RETE:

1
iy

RWE

L) -
L
. i

-
.*.
¥

F
F
L

+
[
W
-

4
()

o

W
)

_%;i' i,

£
ATy §

. \
iy i :
sl b .
- i e 3
s B .
= s : -t
. P . . - e
oy k. ” .
_mrnl-.u K
£y : .
A K - .
Sl . e
L _-_.._ln.
.1.....l : Ill..-.'h'.r.r.r.r.r.r.r
-fu ._...-..-..-..I.-..l.l.l.-..l.l.l.-..l.l.l.-..l.l.l.l

B . 3&%1“.4‘4.[—[!!. .l.r.ln.ln-.r-.r_.r > i
T .-.—.r...................................

ot m e s s P Sl S S e e e S S S S S
o il i .r.....r.-...v.....r.....r.-...v.....-_..... x) L
x ', Col e ...r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.... e
- lm
. " "
.
' 2 Y
.ﬁi K- .l..........-.....l_l..llLIl.l..Tu‘E..Il ™ 1.... r ....r W e e e e L,
. il%t._ FTEW k h kod ko kK Rk Xk kK [l g S S R S S S S S Sl

drodr Br o dr o br o dr o Jr b dr b o dr o dr b dr 0 0 0 b 0 0 b 0 0 B 0 .:..Tb..T.'..T.:..Tb..T.'..Tb..Tb..T.'..Tb..Tb..T....T.'
el oA b b b kS o S S

.
EIII. _l._I1..Iltl...l Bk e dede dr dr dr de de de de de de dr dr dr dr L
l. n ”.r..T.:..T.:..T.:..T.:..T.:..r.:..T.:..T.:..r.:..T.:..T.:..T.:..T.:..T.:..r.:..T.:..T.:..r.:..f.:..?.:..r.:..fb..fb..r.l..ua..fb..rb..f .

LAt X X .
o b b it

tn.r......kk...k......kk...k.._

li._l.-"llt.-m_........................................

Ll XN A Al A NN

- b
" : )
. . o " N
11! ! . [ h.I.h...l..-....I. T .ri_.r?.r.r.r.;.rb.rb..r....rb..rb..r....r.i
> & - .l.'.' b..T.:..T.'..Tb..T.:..T.'..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..T.'
w ) ok’ AIT Ll. - _l.... 'y ..I.__.I_- i, .r....r....r.....r....r Tt et P e i e
- . . ar I.Ill.tl.b. h_ . “il.iiil..-.l..-.lu * .r > .r.;..r > .r....r....r.;..r.;..r....r.;..r.;..r....r....r....r....rb..rb..r....rb..r T e e T e e T e
! i .I.I..r._lmnl”_.“..l._.. E o A N P .r.._..r.._..r.._..r.._..r.._..r.....r.._..r.._..r.._..r.._..r.._..r.._..r.._..r.._..r.._..r.._..r....r....r.._..r....r....r.....r....r....r....r....r....r T L N R R LY,
.ﬁ - .I_I.Lll.ll.lt.l T L A e N e e P P i P P P P P L L,
" ™ ....ll'.,.....-...llll‘. o P e R R ; I e i T e P P
dh-.. .l..l..-_.l._. .-_.-...r A Jr Jr dr U ._1.-..r.....r._..._1.....r.....r._..._1.....r.....r._...r.....r......1._..._1.....r.....r._..._1.....r.....r._..._1.....r....r.....v....r.....r._...v....r....r._...v....r....r._...v.r .r”._1.....r.....r._..._1.....r.....r._..._1.....r.....r._..._1.....r.....r._..&._..._1.....r.....r._..._1.....r.....r._....1.....r.....r._..._1.....r.....r._..._1.....r.....r._..._1.....r.....r._..._1.....r.....r.....T....r....r._...v....r....r._...v....r....r._...v....r....t A,
e A H..l..l.- ! .I..-_.I..r.l..r e a e a a .r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r.....r....r....r.....r....r....r.....r....r....r.....r....r....r.....r - Lt P
L I 1 4 f 4 f f 4 f f 4 f f
" . ey 1..l Plnigiyrig iy,

dr A dr
\.-; A .I.l.l. LN .l...]..._w.__..n....w....w.__......-.l.

E el

till ..:
J o b b & [T R R R R R N T T A I I I I i
] I.i..._,.l.__.l._-.llll..rl..-. \k.l”'”l...".lﬂl..r.-k.-.rh .t.r.T.r.r._...t.....T._...r._...t._...T.....r.....t g U R U U .r....t._...v....r....t.....v....r....r.....v....r....t....k.-_
- ar ? ..l..*"‘.l..-. -‘.r.i..T PR e .T....Tb..fb..f o .T o .Tb..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..Tb..fb..fb..?b..fb..fb..?b..fb..fb..?b. . : b ko .T.:..T.:..T.:..T.:..T.:..T.:..Tb..?b..fb..fb..?b..fb..fb..?b..fb..f.'
.l'l‘l}.*.ﬂ.% '...‘*.T.'..T b b h b .T.-..T....Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..Tb..Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb. U .Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb. *
- %‘%‘.‘** " oA o A .T.-..Tb..Tb..T.T.Tb..Tb..Tb..Tb..Tb..Tb..Tb. *.T.T.Tb..T.'..T.T.T.'..T.'..T.T.T.'..T.'..T.T.T.'..T.'..T.'..T.:..T.'..T.'..Tb..T.'..T.'..Tb..T.'..T.T.Tb..T.'..T.T.T.'..T.'..T.T.T.'..T.'..T.'..T.'..T.'..T.'..Tb..T.'..T.'..T.:..Tb..'b..fb..fb..'b..fb..fb..fb..fb..fb..f.f .T.T.T.'..T.'..T.'..T.'..T.'..T.'..Tb..T.'..Tb..fb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb. *
- lﬂ%jﬂ.ﬁ.‘l‘.‘.ﬁ.‘*‘.ﬁ F I B b..-.Th.T.T.T.T.T.:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..T.:..Tb..'.:..'b..'b..'b..'b..'b..'b..'b..'b..'.#.' .Tb..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..Tb..'b..'b..'b..rb..'b..'b..'b..'b..'.r . .T.:..T.:..Tb..'b..rb. .:..T.:..T.:..T.:..T.:..T.:..Tb..'b..'b..'b..'b..'b..'b..'b..rb..'.'
% JE‘.‘.'.E‘E.‘E E N N .Tb..Tb..Tb..Tb..T.:..Tb..Tb..T.:..Tb..T.'..T.:..Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..Tb..Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb. ....:.b..Tb..T....Tb..Tb..T....Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..T.' ‘.Tb..T....Tb..Tb..T....Tb..Tb..T.:..Tb..Tb..fb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..T.'
. .l.-}l‘ﬁ..l... l.‘ ...I..'..T.'.T F I B O N .T....T.'..T.r..T.'..Tb..Tb..Tb..Tb..Tb..T.:..T.'..Tb..Tb..Tb..Tb..T.:..T.'..Tb..T.'..T.'..Tb..T.:..T.'..Tb..T.:..T.'..T.r..Tb..T.'..Tb..T.:..Tb..Tb..Tb..T.'..Tb..T.:..Tb..Tb..Tb..Tb..Tb..T.:..T.'..Tb..Tb..T.'..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb.b.b. b .T.'..Tb..Tb..T.'..Tb..T.:..Tb..Tb..Tb..Tb..Tb..T.:..T.'..Tb..Tb..Tb..Tb..T.:..T.'..Tb..Tb..T.'..Tb..T.:..T.'..Tb..Tb..T.'..Tb..T.:..T.'..Tb..T.:..Tb..Tb..Tb..T.'..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..T .'..Tb..Tb..T.'..Tb..T.:..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..T.'
. h & & & & & & & & & & & & & & & & & & & & & & & & & & & & b b &k k&S bbbbbbbb.rbb.r.r.r.r.r.r.r.r.r.r.r.r.rb.r.rbb.r.f..r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.rbbbbbb.1 .r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.#
ﬁw.! e N Il-lI_-Il-lI_-Il-lI_-Il-lI_-Il-lI_-Il-lI_-Il-ll_-Il-lI_-Il--l.I-l-Il--l.I-l-I.l---l.I._--I.l.--l.I.l-I.l.--l.I.l-I-l.--l. il S e .
= -“..._ Pt Py t_.._._ri...i....__..r__...r_._...._.. .l...l#............._..._..._.............._..._..._.............._.H.._.H....H}.H&H&H}.H&H&H}.H&H}.H}.H&H}.“ .. .........._.H.._........H.._.H.._.H....H.._.H.._.H.......}.H&H}.H}.H&H}.H}.H&H}.H}.H&H.._
3 Ll........il.«n..«l.n[........-..___.l llilt.ﬁi.im. Jgr dr dr dr dr .............................r.....r.............................................1.............#1.............#&............#&....-
- ._-_.r_l.ri.___ull._.lm_.l.._.i.._..l.rl.. dr _dp iy e Cdp Cdr e .._..r.._......._..r.._.....___
i ¥
! ’ ; oy .r M,
e
1 ..l'l.'l.."'.'l‘. [ J l..H..J..... .l...l.-.'hlh‘. S Sl S N U U .Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..r
..l'}...r.‘*‘.'.l.. .-_..J..I.ﬁ hl 'y .r E I R R .TI..TI..T}..T.:.T.:..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..Tb..fb..fb..?b..fb..fb..?b..fb..fb..?b..fb..f.#.r .:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..Tb..?b..fb..fb..?b..fb..fb..?b..fb..f.'
J . 5 * ik B ....l.....a...l...'..h.HlH.. dr b A o o A .Tl..T o .Tb..T.:..Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..T.:..Tb..Tb..T....Tb..Tb..T....Tb..Tb..T....Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..r o .Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..T I N R U U ) .Tb..' o
%"‘.‘.‘.* L J l.gtﬂ. B A & F F ¥ .T...T.-..Tb..fb..Tb..Tb..Tb..Tb..Tb..r .T.'..Tb..T.'..T.T.Tb..T.'..T.T.T.'..T.'..T.T.T.'..T.'..T.T.T.'..T.'..T.'..Tb..T.'..T.'..Tb..T.'..T.'..Tb..T.'..T.'..Tb..T.'..T.T.T.'..T.'..T.T.T.'..T.'..T.'..T.'..T.'..T.'..T.:..T.'..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..r .T.'..T.T.T.'..T.'..T.'..T.'..T.'..T.'..Tb..T.'..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..T.'
. '. I...J....l.l...l‘lj.l.— P JNN TN N I I I .T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..Tb..rb..'b..'b..'b..'b..'b..rb..'b..'b..' .T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..T.:..Tb..T.:..Tb..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..'b..'b..'b..'b..'b..'b..rb..'b..r .:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..T.:..T.:..T.:..T.:..Tb..'b..'b..'b..'b..'b..'b..'b..'b..'.'
# . . ..r-'.-.'...-.... .i..i. ....J..l.'.lhl *.Ih'.r o h b M M .TI..TI..TJ..T.: .T.:..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.'..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.T.r .T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..T.:..T.:..T.J..Tb..r
.*r*j*j“.l..‘j.ﬂ‘ﬂ..} F o e .TI..T .Tb..T.T.Tb..T.r..T.:..T.'..Tb..Tb..T.'..Tb..T.:..T.'..Tb..Tb..T.'..Tb..T.:..T.'..Tb..T.'..T.'..Tb..Tb..T.'..Tb..T.:..Tb..T.r..Tb..Tb..Tb..T.:..T.'..Tb..Tb..T.'..Tb..T.:..T.'..Tb..Tb..T.'..Tb..T.:..T.'..Tb..T.:..T.'..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb. b..Tb..T.'..Tb..T.:..T.'..Tb..T.:..T.'..Tb..Tb..T.'..Tb..T.:..Tb..Tb..Tb..Tb..Tb..T.:..T.'..Tb..Tb..Tb..Tb..T.:..T.'..Tb..Tb..T.'..Tb..T.:..T.'..Tb..Tb..T.'..Tb..T.:..T.'..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..T .'..Tb..Tb..T.'..Tb..T.:..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..Tb..T.'
B R

iy dp dp dp ey g e e e e e ey e
e e e e e e e e e e e e e e e e

s s ] '.l.r.ltIl-..lI.l. - Liiliﬂ“f}"kﬂk“##t&&####&kﬁ .4....................................##&#}.&##&#}.k}.#&#}.&##&#}.k .
o P NN Ll MMM NI -
" - I

-
5. 1]
% I .l.b..l..l.... 2",

; - f %’“‘#‘bﬁ%ﬁ”ﬁw .;.. .rl_._1.:..r.:..r.:.._1.:..r.:..r.:.._1.:..rb..rb..Tb..Tb..rb..Tb..rb..rb..Tb..rb..rb..T.i

F .. .l...l.hl.l.'....ll..r..lll P N N NN, -

- T ul.-..I..m..I.H.ll.Ill.-_I_-_EI..-..I.-..I..”I.._.P.I. IIJ. > .r._...r.__..r.....r.....r.....r.....r.....r” .._..r.....r.....r....r....r.....r....r....r.....r....r....r.....r....r... ",
’ -.1_ l._.._.._..__n..__n-_l.rlv .4 ¥ 0 b ko k k .....—.....r.....r.._..r.._..r.....r.._..r.._..r“.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.r .rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH.rH... Kk kK kK Ak k k kA
r 1 . -.l_rTIILI.I.I.._-_.IIt_-_I.-EItIH. N N N NN -, I I e dr e e e e e e e e e e e e e e e e e e e
.-rn . hn.hnl. . ....-_....-. Foaa .Tl..T.:.T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..'.:..'b..'b..'b..'b..'b..'b..'b..'b. .:.T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..r.:..fb..'b..rb..'b..'b..rb..'b..'b. v it .T.:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..'b..'b..'b..'b..'b..'b..r . .:..:..:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..T.:..Tb..'.:..'b..'b..'b..'b..'b..rb..'.'
.b- .,_.I.._. .II llt.lw..l- LA .-I.I.L”..r.”..r .t.-.T.-.t.-.r.-._1”.r”.rH..1H.r”..1”..1”..1”.r”._1”.r”.r”..1”.r”..1”..1”..1”.r”.r”.r”.r”..1”.r”..1”..1”.r”..1”..1”..1”.r”._1”.r”.r”..1H.r”..1”..1”..1”.r”._1”k”k”kuk”k”k”k”k”k”k#k#k ”.r”._1”.r”.r”..1H.r”.t....v....t....r....t....r....r....r....r....t....v... ..... < .r......1.._..r.._...1.._...1.._...1.....r.._...1.....r.._..r....r....r....r....t....r....t....v....t....r....t....r....r L,

3 a1 X R [ E R R E AR RERERERE RSN ERE R RN AR R R R R R R R R R R RS ERNERERNERH K] TYT -2 T X X F

g ke e e

.liiL_-_.n_____._.____.ll_r-.__. o i i i i
by

x Y

N N

S tﬁﬁiﬁﬁ?ﬁ??f-

- L e S ....r....r.....r.........r.....r....r....r.....r.r.r " .....r....r.....r....r....r.....r....r....r.....r....r....r.....r... Xk .....r.....r.....r.....r.....r.....r.....r.....r....r....r....r....r....r....r....r....r....r....r....r....r '
h - I}‘l.l.l .I..IJ.* EE.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.I dr o b b b b b b W N dr o dr b b b b b 0 0 b 0 b 0 o N N F
' . al it .-_..__....-_. .._......_..._......_..._......_..._......_..._......_.
¢ 3 .p-. i..it..ltl__. r e e e e
- i_._l_..- L
iy - : ettt lna
d Wy
- Ll
: -g . - " l.lhl_nl..- . e,
IL - - .-l,..uu....q .T.T.T.r.f.r T R T R U T U U N U U N
AT )

f L ..-.l..l'i'*}.. ﬂ g‘bb*.‘**.‘**.‘**.‘**.f.'.' [N I N U e N B O
", T ....I....In-..l_-..l.ILl.-. .l..r.l_.r Srodr o kA dr b e .r.-..r.....r.....r.-...r.....r.....r .r.....r.-...r.;..r.;..r.:..r.;..r.;..r.-...r.....r.;..r.-...r.;..rb..rb....
f. T B U de b de dp de dp de p e Jpode dp de dp e dp de B de Jp o de X .r.............................r....r.-_..

'y ! g .‘ﬁl: . _.._.._.—1.”_._. N i....___il.__ ...........

o PR

r __F ‘ , x I_.t.l..l..__.ll..ll_lll.l.r .- il Tl S U U .rl..r iy .....r.....r.....r.....r.._..r.._..r.....r.....r.....r.... *
- “m" ll'llltl. o .l.-.l hl L L .-.. it R i i i i e s . Pt P e e e e
b o - b ke dr dr ki ke ke b b e dr I b e dr b i b b b b b e b i (N k ke b b i i ke X
T g o ot s T e e o o o o o o o o o o -l gl .
it e A R S . gt " e i
e e - AR
;o

A, . N = , “‘?.?\.-nln n-n.—uﬂ..r..tﬁ.h”.. .”.
."”M.u_. % o i %ﬁ#% e .fn....
._hm._..._-.... ...HMQ. 'ﬁ ¥, ™ - L " PR,
e R G
.ﬁ... ti.t-..i.l__ e _“ ; E . -
“n._{w. MW.M ol - ¥ .
P way .

", ah? et ﬂHU

3 3 SR

ima mm P,

L ST Y SR T
T ag T T

b Wy =T

9 S fon ¥

W oo

e ek

... “. - Lm”a.nlh. _“

4 LN

L]

[ e o ey e e e e

t

Figure 2 (Prior Arty (Continued)



US 10,128,761 B2

Sheet 4 of 22

Nov. 13, 2018

U.S. Patent

(11y Jo11d) € 214

#I'rbl'r*l'r#I'rbl'r*l'rﬁl'rbl'r*l
e e L N

n
L

i
- r

#I'r*l
aTa

w;
It
T
T,

*

=
I'r*l'r
T,

™
-
"
F#I'r*
T

.
(A E R EREEREEEE R E R E R R R R R R R ERERENERENH:HN:H:ZEHR.]

rbl'
.

w;
..i
L
T

.
j -

- == L

Lot oat b a b

B T T R T R R T R R T R R T R R T R R T A R T R T R R T R T R R T A T R R T R R T R T R R T R T R T R T R R T A R A R T R R T R T T R R T R T R R T R T R TR T TR TR TR TR R R T

B A T R T R R T R R T R T A R T R R T R T R T R R T R T R T R R T R T T R R T R R T R T R R T R R T R T R R T R R T R R R T R R T R T R R T R R T R R TR TR TR TR T TR TR T

L E R E R R EER SRR R R R R R R R R R R R Rl RN ERERNER.H:.
-

B i e e i b T il
!

e
oo oo

*

=
"
L
W]

-~

«

<,

«

.

.

.
-
-
L ] P#I
T,

L
L
1
1
o
L
'
'
1
-
R -
v
L,
'
u;
.
L]
]
[
.
]
L R R
T F,
w;

[
[
'
'

*

]
Ll
r

+
P
.
-.
.
rbl'
.

1,
'
L
1
.
1
'
]
1]
RRE R RN N NN
Pl i R
)

l‘{
R I IR R NN N N L N N L L
A L T A

r
TR R R R R P R E R R R R R R R E F N F R F R R R R EE N RN R R R RN

-

L

- -
Ll

-+

L

&+

T R
L]
-
-
o
'
b

&+

- »
»
o

L

._&_F_
L]
o
hy
v
L

R
L
a
o
-
o

L
%
"
'
.
-

T
m
o
.,

B A P
o
f

b

i
-
-
'
.
]
b
ke
,
-
"
b
-'|
[
E
"]
.
-

A

]

.

.U ] - I.'
. ] A .
]
.Ir._..l....l....l._..l....l....l._..l....l. - .h._..l........._..........._..........._..........._..........._..........._..........._..........._..........._..........._..........._..........._..........._..........iiiiiiiiiiiiiiiiiiii..r..l.‘-_ 2
' ; : . .
r

-+

L

&+

-+

L

&+

L

L

&+

-+

-+

&+

-+

L

&+

-+

L

&+

L

*

S O 77 oF ¢

P B P _F_E_E_E_P_E_F_P

_.:

-
L]
»
LY
r

-
.

-+

&+

-+

-+

.
o

-
2
!

-+

L

&+

L

L




(1 Joug) + 2y

SIIEIS AAS 592080 0 = N

US 10,128,761 B2

- Dususs
abeyns Jndu]

mwd..,
SSDMANT (]

Sheet 5 of 22

...mm,rﬁw.

Nov. 13, 2018

GUsUas

= _ PNT
afivyoa ndug $5) S

P

U.S. Patent



US 10,128,761 B2

Sheet 6 of 22

Nov. 139 2018

U.S. Patent

C 3B

S ELTY




U.S. Patent Nov. 13, 2018 Sheet 7 of 22 US 10,128,761 B2

Figure 6




US 10,128,761 B2

001

Sheet 8 of 22

Nov. 13, 2018

| NS N N 4

U.S. Patent

[ QI3

201 L

S e v
J..ﬂ.ﬁ

e e el L S .1u-_._......u_._.._....u._l......u-lq....u._r........ru....i“....tl.-..ﬁ.l-....h e B e Tl Tl e e
"

_ m _ far 44
S, ” . m 911 |« 3
mﬂhﬁ * .fl..l._.._l.lm .................................... Y —

w4 K & X KB 4 F _§F_ E 5 ¥ B £ _ 35 ¥ 32 §F ¥ X ¥ _¥ K _J F ¥ JF_ K _§_ 8§ 3 ¥ |

(07) )SA

-

-
O
s

i T w w  w w  w w w w w T w w  w w a w w w w  e w w

i

““““

,,,,, 5y .O.Wu— /—1‘\\\ w...wuw \

‘...,.-.-...-.-...,.-...-I.,.I...tl.‘.-l..-ti- .-.t.-.-a-.-.E |.,.r..l|E.‘..-.....—..._.r-.*. ”

aonz

T T3 - - o W O N S S

r 4
" . MM ' u \ ] .
1 ” O _._mr ‘ - .m At M.JMH.&, .
x l
- ﬁt. - ”m.w...”....,...TTTTTTTETTTI. e 0 0 e

b o]
e e et e i Mwe e e e b R, et et ot et ot et e e

W aae
~

..,

ﬁ.

%

3



US 10,128,761 B2

Sheet 9 of 22

Nov. 13, 2018

U.S. Patent

£
£
:
¢
¢
£
£
¢
£
£
£ .
¢

SRR TS FFVFVVTFVFVFVEVFY YT Roee dus) duw dwie e e wee ommen st woBE el ek e e deh deh Wb e

TTTTTTTTTTTTTTTTTTTTTT

s e el Geik A G A el el e Jeee mien men mms QPOBOBOBRBOBOBODHRHN R Gals Gals. iae vialel cGeial. cdalel e MGe el N

oo oaie e e e e e e e v g8

Figure 8



U.S. Patent Nov. 13, 2018 Sheet 10 of 22 US 10,128,761 B2

S T |~ B R [ L
s a A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A e e e e A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A e e A Al

LI D T L UL T T T U D T T T T O D U L D T L T D T L D T T T UL T T D U DO O T T . D T T D T T L D D T T UL T DO D U T DO T DO . T T T . T T T U DL T T UL T DO D T DO T T U O T DL T L T T L D T T T U T T T U T D T U T T T U D T T T D T T L U T T T U U T UL U T T T T T T T T T T T T T T T T T T T T T T T T T R N R R L R R P P R P P L P L L -

o -
-
1
LI e - LI
'
)

Figure 8  (Continued)
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CONTROL METHOD AND DEVICE
EMPLOYING PRIMARY SIDE REGULATION
IN A QUASI-RESONANT AC/DC FLYBACK
CONVERTER

BACKGROUND

Technical Field

The present disclosure relates to converters and, more
particularly, to a control device for quasi-resonant AC/DC
flyback converters.

Description of the Related Art

Converters, and particularly ofiline drivers of LED-based
lamps for bulb replacement, are often desired to have a
power factor greater than 0.9, low total harmonic distortion
(THD) and safety 1solation. At the same time, for cost
reasons, 1t 1s desirable to regulate the output DC current
required for proper LED driving without closing a feedback
loop. In addition, compatibility with dimmers 1s becoming
more and more important for LED drivers, especially dim-
mers based on phase-cut technology.

High-power-factor (high-PF) flyback converters are able
to meet power factor and isolation specifications with a
simple and inexpensive power stage. In a high-PF flyback
converter there 1s not an energy reservoir capacitor directly
connected to the input rectifier bridge, so that the voltage
applied to the power stage 1s a rectified sinusoid. To achieve
high-PF, the mput current tracks the input voltage, thus
originating a time-dependent input-to-output power tflow. As
a result, the output current contains a large AC component
at twice the main line’s frequency.

A quasi-resonant flyback converter has the power switch
turn-on synchronized to the instant the transformer demag-
netizes (1.e. the secondary current has become zero), nor-
mally after an appropriate delay. This allows the turn-on to
occur on the valley of the drain voltage rnnging that follows
the demagnetization, oiten termed “valley-switching.” Most
commonly, peak current mode control 1s used, so the turn-oif
of the power switch 1s determined by the current sense signal
reaching the value programmed by the control loop that
regulates the output voltage or current.

In a flyback converter the input current is the average of
the primary current, which flows only during the ON-time of
the power switch, resulting 1n a series of triangles separated
by voids corresponding to the OFF-time of the power
switch. This “chopping” causes the average value of the
primary current to be lower than half the peak value and
depend on the mark-space ratio of the triangles. As a result,
the input current 1s no longer proportional to the envelope of
the peaks and unlike the envelope, which 1s sinusoidal, the
input current 1s not sinusoidal. Although a sinusoidal-like
shape 1s maintained, the mput current 1s distorted. Thuis
distorted sinusoidal mput current results 1 a flyback con-
verter that fails to achieve low THD or unity power factor.

FIG. 1 shows a high-power-factor (high-PF) tlyback con-
verter 30 according to the prior art. The hi-PF flyback
converter 30 1s powered from an AC power line having
voltage V_ (0) and includes an input bridge rectifier 34
having inputs 32 that receive the voltage V_(0), a first
output connected to ground, and a second output at which
the rectifier 1s configured to produce a rectified sinusoidal
voltage V. (0)=V 5 Isin 0| and the current drawn from the
power line 1s sinusoidal-like.

On the primary side, the flyback converter 30 also com-
prises a capacitor C, , which serves as a high-frequency
smoothing filter, connected across the output terminals of
the bridge rectifier 34, with the negative end connected to
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2

ground, and a voltage divider Ra—Rb. The flyback converter
30 has a transtormer 36 with a primary winding L, con-
nected to the positive terminal of the capacitor C, , and an
auxiliary winding L. coupled to a resistor R, . A power
switch M has its drain terminal connected to the primary
winding L, and 1ts source terminal connected to ground via
a sense resistor Rs. The current flowing through the power
switch M (i1.e. the current flowing through the primary
winding [, when M 1s ON) can be read as a positive voltage
drop across the sense resistor Rs. The primary side of the
converter also includes a clamp circuit 37 that clamps
leakage inductance ot the primary winding L.

On the secondary side, the transformer 36 includes a
secondary winding L[, that has one end connected to a
secondary ground and the other end connected to the anode
of a diode D having a cathode connected to the positive plate
of a capacitor C__,that has its negative plate connected to the
secondary ground.

This flyback converter 30 generates a DC voltage V___ at

its output terminals across the capacitor C_ . that will supply
a load 40, which 1s a string of high-brightness LEDs 1n FIG.

1.

The flyback converter has a divider block 42 having a first
input that receives a signal B(0), and a second input that
receives a signal A(0) that 1s a portion of the 1nstantaneous
rectified line voltage sensed across the capacitor C, and
brought to pin MULT through the resistor divider Ra-Rb.
The divider ratio Rb/(Ra+Rb) will be denoted with K .

The capacitor C -1s assumed to be large enough so that the
AC component (at twice the line frequency {1, ) of the signal
B(0) 1s negligible, at least to a first approximation, with
respect to 1ts DC component B,

The output of the divider block 42 1s the division of a
rectified sinusoid times a DC level, then still a rectified
sinusold whose amplitude depends on the rms line voltage
and the amplitude of the control voltage B,; this will be a
reference voltage Vcs,(0) for the peak primary current.

The signal Vcsy.(0) 1s fed to the inverting input of a
pulse width modulation comparator 44 that receives at its
non-inverting input the voltage Vcs(t, 0), sensed across the
sense resistor Rs. The voltage Ves(t, 0) 1s proportional to the
instantaneous current [ (t, 8) flowing through the primary
winding L, and the power switch M when the switch M 1s
ON. Assuming the power switch M 1s initially ON, the
current through the primary winding L, will be ramping up
and so will the voltage across the sense resistor Rs. When
Ves(t, 0) equals Vs, ,..(0), the PWM comparator 44 resets
the SR flip-flop 46 which switches ofl the power switch M.
Theretore, the output of the divider 42, shaped as a rectified
sinusold, determines the peak value of the current of the
primary winding L. As a result, the peak value of the
primary winding current will be enveloped by a rectified
sinusoid.

After the power switch M has been switched off, the
energy stored in the rmary winding L, 1s transterred by
magnetic coupling to the secondary winding .. and then
dumped into the output capacitor C_ . and the load 40 until
the secondary winding L. 1s completely demagnetized.
When the secondary winding L 1s demagnetized, the diode
D opens and the drain node becomes floating, which was
fixed at V_ (0)+V , while the secondary winding L._ and the
diode D were conducting, with V, being the reﬂected
voltage seen across the primary Winding. The voltage at the
drain node would tend to eventually reach the instantaneous
line voltage V, (0) through a damped ringing due to its
parasitic capacitance that starts resonating with the primary
winding L. The quick drain voltage fall that follows the
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demagnetization of the transformer 36 i1s coupled to the pin
ZCD of the controller through the auxiliary winding L.
and the resistor R ~,. A zero crossing detector (ZCD) block
48 releases a pulse every time 1t detects a falling edge going
below a threshold and this pulse sets the SR flip flop 46 and
drives ON the power switch M, starting a new switching

cycle.
An OR gate 50 between the ZCD block 48 and the set

input of the SR tlip flop 46 allows the output of a STARTER
block 52 to mitiate a switching cycle. The STARTER block
outputs a signal at power-on when no signal 1s available on
the input of the ZCD block 48 and prevents the converter
from getting stuck 1n case the signal on the input of the ZCD
block 48 is lost for any reason.

The ZCD block 48 also generates a FW signal that 1s high
during transformer’s demagnetization, as shown in FIG. 2,
and 1s used by the control loop 56 to generate the B(0)
signal.

Assuming 0€(0, m), according to the control scheme under
consideration the peak envelope of the primary current is
given by:

It 1s worth noticing that this scheme results 1n a constant
ON-time T ,,, of the power switch M:

! PKp sinf

Toy = =L
oN LF' VPK sind P

Ipkp

Vpk

For simplicity, the OFF-time T, ..(0) of the power switch
M will be considered coincident with the time T -4;{0) during
which current circulates on the secondary side. In other
words, the time interval T, during which the voltage across
the power switch M rings (starting just after T.,,{0), as the
current 1n the secondary winding L._ has gone to zero), until
reaching the valley of the rninging will be neglected. This 1s

acceptable as long as T,<<T ,-(0).
The switching period T(0) 1s therefore given by:

T(0)=Topnt1rpA0)

Considering volt-second balance across the primary
winding L it is possible to write:

VPK s1nf

T =T
Fw(6) = Toy v

where V, 1s the retlected voltage, 1.e. the output voltage
V... imes the primary-to-secondary turns ratio n=N_/N_
seen across the primary winding L, of the transformer 36 in
the time interval T -;,{(0):

Ve=n(V_ +V5)

QL

where V. 1s the forward drop on the secondary diode D.
Therefore:

T(0)=T 7 (1+K, sin 0)
with K =V, ./V .

The mput current 1., to the converter 30 1s found by
averaging the current I (t, 0) in the primary winding L., over
a switching cycle. The current 1 (t, 0) 1s the series of gray
triangles 1n the right-hand side of FIG. 2 so 1t 1s found that:

10

15

20

25

30

35

40

45

50

55

60

65

/ (9) B | TQN B siné
mA T@ ~ 2 ™11 K sinf

D php (9)

This equation shows that the input current I, 1s not a pure
sinusoid: this current 1s sinusoidal only for K =0; when
K. =0, although a sinusoidal-like shape 1s maintained, the
input current 1s distorted, the higher K the higher the
distortion. Since K, cannot be zero (which would require the
reflected voltage to tend to infinity), the prior art QR control
scheme does not permit zero Total Harmonic Distortion
(THD) of the mput current nor unity power factor mn a
flyback converter even 1n the ideal case.

FIG. 3 shows the plots of the THD of the input current and
of the power factor versus K. ..

The regulated DC output current value obtained with this
control method 1s:

/ B HKD
U IRsGu Ry

where K, 15 the gain of the divider block 42 and G, , the
transconductance of a current generator 54 which produces

current 1 --{(0).

This equation shows that with the control method of FIG.
1, which uses only quantities available on its primary side,
the DC output current I_ . depends only on external, user-
selectable parameters (n, Rs) and on internally fixed param-
eters (G,,, R, K,) and does not depend on the output
voltage V_ .. nor on the rms input voltage V., or the
switching frequency {_ (0)=1/T(0).

This control method makes the flyback converter 30 work
as a current source. Therefore, even with a chopped AC
input voltage—which happens in case the converter is
operated through a phase-cut wall dimmer (e.g. leading and
trailing edge dimmer as shown 1n FIG. 5)—the converter
forces the preset DC output current to the load.

In that case, however 1t would be desirable to reduce the
regulation setpoint depending on the dimmer firing angle
(1-a.) to be compatible with a dimmer: the higher o 1s, the
lower the current set-point should be. This can be realized by

moditying the circuit 56 1n FIG. 1 as shown 1n FIG. 4. The
sensed 1nput voltage 1s compared to a threshold voltage V,
in a dimmer comparator 60 and, 1t it stays below the
threshold tor a time longer than T, ,,, 1t 1s assumed that the
line voltage 1s missing (because the dimmer 1s open) and an
EN signal goes low. This freezes the state of the power
switch M and disconnects both the current generator 54
producing current I..(0) and the discharge resistor R~ In
this way the voltage across C.. 1s frozen at the value 1n the
instant when the mput voltage goes to zero.

The delay T, ,, prevents the circuit from being improperly
activated near the zero-crossings of the line voltage when
this 1s not chopped. Note also that this delay 1s unidirec-
tional: as the sensed voltage exceeds the threshold voltage
V. the enable signal EN goes high immediately.

The net eflect of stopping the charge/discharge activity of
the capacitor C.- can be regarded as an average increase of
the discharge resistor R, leading to a reduction of the preset
output current I_ _inversely proportion to the firing angle of
the dimmer:

171

QLT

HKD
“ T 2RsGuy Ry

I (1 —a).
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Real world dimmers have typically a fire angle between
10-20% and 80-90%, and therefore if using the control
scheme shown in FIG. 4, the minimum/maximum output
current setpoint could be 1n the range of 10-20% and 80-90%
respectively. In other words the control method shown in
FIG. 4 cannot meet the typical desired characteristic of a
dimmer shown in FIG. 6.

BRIEF SUMMARY
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One embodiment of the present disclosure 1s a quasi-
resonant flyback converter having a sinusoidal input current
in order to achieve low total harmonic distortion and high
power factor.

One embodiment of the present disclosure 1s directed to a
control mechanism that enables high power factor (Hi-PF)
quasi-resonant (QR) flyback converters with peak current
mode control using only quantities available on 1ts primary
side able to 1deally draw a sinusoidal current from the input ,,
source and with an with optimized compatibility to the
phase-cut wall dimmers.

One embodiment of the present invention 1s a device for
controlling a power transistor of a power stage. The device
includes a divider having a first input, a second mput and an 25
output, the divider being configured to produce a voltage
reference signal. A first current generator configured to
produce an output current. A shaper circuit configured to
output to the first imnput of the divider a first signal based on
the output current of the first current generator. A bias circuit 30
coupled to the first current generator and configured to
output a second signal to the second input of the divider; and
a driver circuit having a first input configured to receive the
reference signal, and an output configured to drive the power
transistor. 35

15

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 shows a schematic of a primary-controlled Hi-PF 40
QR flyback converter according to the prior art.

FIG. 2 shows the wavelorms of the circuit 1n FIG. 1
during normal operation.

FIG. 3 shows the plot of the total harmonic distortion of
the mput current and the Power Factor obtained with the 45
circuit of FIG. 1 for different values of K...

FI1G. 4 shows the modification of the circuit in the dotted
box i FIG. 1 to reduce the regulation setpoint depending on
the dimmer firing angle ¢, according to the prior art.

FIG. 5 shows the typical mput voltage wavetorm with 50
leading-edge and trailing-edge dimmers.

FIG. 6 shows the typical desired output LED current
characteristic when using dimmer based on phase-cut tech-
nology.

FIG. 7 shows the principle schematic of a primary- 55
controlled Hi1-PF QR flyback converter according to one
embodiment the present disclosure.

FIG. 8 shows the key wavelorms of the circuit in FIG. 7
during normal operation.

FIG. 9 shows an alternate voltage reference circuit with a 60
dimming detector for the circuit of FIG. 7.

FIG. 10 shows the main waveforms of the circuit in FIG.

9.

FIG. 11 shows a detailed dimming circuit for the circuit
of the FIG. 9. 65

FI1G. 12 shows the simulation results for the circuit 1n FIG.

7 at 265 Vac.

6

FIG. 13 shows the simulation results for the circuit in FIG.
7 at 90 Vac.

FIG. 14 shows the simulation results comparison between
the prior art method and the present disclosure according to
one embodiment.

FIG. 15 shows the simulation results comparison between
the prior art method and the present disclosure for I output
current.

FIG. 16 shows the simulation results for the modified
circuit in FIG. 9 at a firing angle (1-a)=0.2.

FIG. 17 shows the simulation results comparison between
the prior art method and the present disclosure for dimming
curves.

FIG. 18 shows an alternative embodiment to generate the
signal A(O).

FIG. 19 shows an alternative embodiment to generate the
signal B(0).

FIG. 20 shows an alternative embodiment of the circuit of
FIG. 7 with a line voltage feed-forward.

DETAILED DESCRIPTION

FIG. 7 shows a h1-PF QR flyback converter 100 according,
to one embodiment of the present disclosure. On the primary
side, the QR flyback converter 100 includes a controller 102,
a bridge rectifier 104 having mputs 106 coupled to an AC
power line that supplies an AC voltage V__, an put
capacitor C, , a voltage divider R_-R, coupled to the bridge
rectifier 104, a primary winding I, and an auxiliary winding
L. of a transformer 108, power switch M coupled to the
transformer 108 and controlled by controller 102, sensing
resistor R coupled to the power switch M and controller
102, a resistor R, coupled to the auxiliary winding L.
and a clamp circuit 109 connected across the primary
winding L .

On the secondary side of the converter 100, a secondary
winding L of the transtormer 108 has one end connected to
a secondary ground and the other end connected to the anode
of a diode D having the cathode connected to the positive
plate ot a capacitor C_ _that has its negative plate connected
to the secondary ground. The converter 100 provides an
output voltage V ___ that supplies power to a load 110, which
in FIG. 7 1s a set of LEDs, although other loads could be
supplied by the converter 100.

The controller 102 has a reference voltage circuit 116 that
1s configured to produce a reference voltage V ,.onzz and
includes a bias circuit 118 and a shaper circuit 120. The
controller 102 also includes a driver circuit 121 having a
PWM comparator 122, an SR flip-tlop 124, an OR gate 126,
and a driver 127 configured to drive the power switch M.
The PWM comparator 122 includes an inverting input that
receives the reference voltage V ~» 7, @ non-inverting input
that receives a sense voltage V .. from the sense resistor R,
and an output that provide a reset signal to a reset mput R
of the thip-tlop 124. The flip-tlop 124 also includes a set
iput S, coupled to an output of the OR gate 126, and an
output that 1s coupled to an mput of the driver 127. The OR
gate 126 also has first and second inputs coupled to respec-
tive outputs of a starter block 128 and a ZCD block 130. The
OR gate 126 provides a set signal to the set mput S of the
SR tlip tlop when the ZCD block 130 detects a falling edge
g0 below a threshold, or when the starter block 128 produces
a start signal as discussed above.

The reference voltage circuit 116 has a bias circuit 118
and a shaper circuit 120. The shaper circuit 120 has a first
current generator 140, a resistor R, coupled to an output of

the first current generator 140, a switch 132 that switchably
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couples the resistor R, to ground, and a capacitor C,
coupled between the output of the current generator 140 and
ground. The first current generator 140 has an mput coupled
to a supply terminal Vcc and a control terminal coupled to
the voltage divider R_-R, via the pin MULT and produces
a current I -.,,(0). The switch 132 1s controlled by the output
Q of the flip-flop 124 and thereby connects the capacitor C,,
in parallel with the switched resistor R,;, when the power
switch M 1s ON.

The bias circuit 118 includes a second current generator
142 having an mput coupled to the supply terminal Vcc, a
control terminal coupled to the output of the first current
generator 140, and an output at which the second current
generator produces a current I,.,.(0). A second switched
resistor R 1s switchably coupled to the output of the second
current generator 142 by a switch 134 configured to connect
the resistor R, to the second current generator 142 under the
control of the signal FW provided by the ZCD block 130.
The signal FW 1s high when the current 1s flowing 1n the
secondary winding L _. Another switch 144 1s coupled to the
output of the second current generator 142 and 1s configured
to connect the output of the second current generator 142 to
ground when the ZCD block 130 under control of a signal
FW that is an inverted version of the signal FW.

The reference voltage circuit 116 also includes a divider
block 146 having a first input that receives a signal A(O)
from the shaper circuit 120, a second nput that receives a
signal B(0) from the bias circuit 118, and an output at which
the divider provides the reference voltage V ~cnzr.

The signal A(0) 1s generated by the first current generator
140 acting on the switched resistor R, and capacitor C,,.
The current I..,,(0) produced by the current generator 140
1s proportional to a rectified mput voltage V. produced at
the voltage divider R_-R, .

The resistor R, 1s connected in parallel to the capacitor
C,, by the switch 132 when the signal QQ of the SR flip flop
124 1s high, 1.e. during the on-time of the power switch M,
and 1s disconnected when Q 1s low, 1.e. during the ofi-time
of the power switch M. The voltage developed across the
capacitor C_, 1s A(0) and 1s fed to the first input of the divider
block 146.

The current I , ,(0) provided by the current generator 140
can be expressed as:

{ chl(e):glep( Vpg sin 6)

where g_, 1s the current-to-voltage gain of the first current
generator 140.

An assumption 1s that T(0)<<R,, C, ,<<1/f,. In this way,
the switching frequency ripple across the capacitor C,; 1s
negligible and I, ,(0) can be considered constant within
cach switching cycle.

The A(0) voltage developed across C,; by charge balance
1S:

T(6)
Ton(68)

T(0)

A(0) = Ry 1cp1 (0) Ton ()

= R;1 gm1 K, (Vpg sind)

The generation of the other mput signal B(0) to the
divider block 146 is similar to that of the B(0) of FIG. 1. The
current I -..(0) provided by the second current generator 142
and used to generate the B(0) signal, can be expressed as:

I (0)=F;,4(0)

where G,, 1s the current-to-voltage gain of the second
current generator 142.

8

Now considering the C- by charge balance, 1t 1s possible
to find the voltage B(0) developed across the capacitor C.:

5 . Trw(8)
B(0) = Gy Rrgim1 Re1 Kp(Vpk sind)
Ton(0)

The capacitor C -1s assumed to be large enough so that the

10 AC component (at twice the line frequency 1;) of the signal

B(0) 1s negligible with respect to its DC component B,
which can be written as:

TFW(Q)dQ_ GrRrgm R K, Ve Ky
Ton(0) 2

GMRTgmerleVPKjWSiHQ
T 0

20 Considering the voltage-second balance for transformer

108, the primary on time T,,{0) and secondary on time
T,-4{0) can be expressed by the following relationship:

> Trw(©) _ K, sinfl

Ton(®) "

The voltage reference Vcs,,.(0) 1s theretore:

30

Vesurn (@) = K AO) L AO) 2, TO)

C\5 = — —_— = S11

ST TPBO) T By T TV GuRrK, T Ton(0)

35

where K, 1s the gain of the divider block 146 and 1t 1s
dimensionally a voltage. Considering that the peak primary

current I , (6) can be expressed as:

40

Vesger(6)

kap(g) — R

45  The mput current can be expressed as:

| Ton (6
In(6) = 5 Ipp(0) ;fé))

Kp |

sinf —
Gy Rr Ky R

50

[iv(0) =

This results 1n a sinusoidal 1nput current in a constant-

55 current primary-controlled Hi-PF QR flyback converter 100.

Considering that the secondary current 1s n=Np/Ns times
the primary current, the peak secondary current I, (8) can
be calculated as:

60
[s(0) =nK 1nf? o |
phs (€)= 1D Gu RrK, - Ton (@) Rs
65  since the cycle-by-cycle secondary current Is(t, 0) 1s the

series ol triangles shown in left-hand side of FIG. 8, its
average value 1n a switching cycle 1s:



US 10,128,761 B2

9

Trw(¢)  nKp Trw(0) 1

1
()= =] &) — iné .
o) = 5 1pis(0) T ~ GuRrK,  Ton(d Rs

The DC output current I
line half-cycle:

1s the average of I _(0) over a

QLT

Finally, the average output current 1s:

/ HKD
U OGuRTRs

The previous expression shows that the circuit of FIG. 7
has a DC output current Iout that depends only on external,
user-selectable parameters (n, Rs) and on internally fixed

parameters (G, ,, R K5) and does not depend on the output
voltage Vout, nor on the RMS mput voltage Vin or the
switching frequency 1.,,{(0)=1/T(0).

Therefore, 1t 1s possible to conclude that the converter 100
of FIG. 7, 1n addition to providing 1deally unity power factor
and zero harmonic distortion of the mnput current, also
provides a regulated Iout using only quantities available on
the primary side.

FIGS. 12 and 13 show simulation results of the signals of

FIG. 7 with Vin being 265 VAC and 90 VAC respectively,
including A(0), B(0), Iout, Iin, V .., and the THD of the

circuit. It 1s worth noticing the very low distortion level of
the 1input current (around 3.3% at V, =90 Vac, around 3.8%
at V. =265 Vac), due to the input EMI filter and the
non-idealities considered both 1n the controller 102 and the
bridge rectifier 104, transformer 108 and power switch M.

FIG. 8 illustrates several of the waveforms of converter
100 of FIG. 7. On the left-hand side are the waveforms on
a switching period time scale, on the right-hand side the
wavelorms on a line cycle time scale.

In FIG. 14 are shown the simulation results comparison
between the prior art converter 30 and the presently dis-
closed converter 100 1n terms of THD (left) and PF (right).
FIG. 15 shows the simulation results comparison 1n terms of
output current regulation.

FI1G. 9 15 a reference voltage circuit 118' according to one
embodiment of the present disclose and can be employed
instead of the reference voltage circuit 118 of FIG. 7 when
it 1s desired to obtain the dimming curve shown in FIG. 6.
The reference voltage circuit 118' includes the switches 134,
144, second current generator 142, resistor R, and capacitor
C. of the reference voltage generator 118 of FIG. 7. Unlike
the reference voltage generator 118 of FIG. 7, the reference
voltage circuit 118' includes a phase angle detector 150
having a comparator 151, a delay block 152, and an AND
gate 153. The comparator 151 has an inverting input that
receives a sensed iput voltage from a dimmer, a non-
inverting iput that receives a voltage threshold V,,, and an
output at which the comparator produces a signal a based on

a comparison of the sensed input voltage with the voltage
threshold V. The delay block 152 adds a masking time

delay T,,,.~ and the AND gate 153 outputs an acMASK
signal.

The reference voltage circuit 118' also includes a dimming,
circuit 154 that includes a dimming current generator 133, a
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switch 156, and a gain block (G, ,) 157. An extra current
[, 1s added on the B(0) signal from dimming current
generator 155. This current I . 1s proportional to the signal
B(0) and, as shown in FIG. 10, 1s added only during a part
of the dimmer off-time (basically only when o, ,, .- signal 1s
high and closes the switch 156).

The reference voltage circuit 118' further includes invert-
ers 158, 159, a switch 160, and another AND gate 161. The
inverter 158 1s connected between an output of the AND gate
153 and a control terminal of the switch 160, and thereby,
controls the switch 160 based on an 1mverted version of the
O, .4 <= S1gnal output by the phase angle detection circuit 150.
The mverter 159 1s connected between an output of the AND
gate 161 and a control terminal of the switch 144. The AND
gate 161 has first and second 1nputs connected respectively
to the output of the ZCD block 130 that provides the FW
signal and the output of the inverter 158 that provides the
inverted version of the o, ,, - signal. The output of the AND

gate 161 1s also connected to a control terminal of the switch
134, so the AND gate 161 opens one of the switches 134,
144 while closing the other one of the switches 134, 144, and
vice versa, depending on the FW signal output by the ZCD
block 130 and on the mverted version of the o, ,, .~ signal
provided by the inverter 158.

The I,,, current generator 135 i1s added on the C.
capacitor, increasing the B(0) signal in function of the
dimmer firing angle, resulting 1n a lower DC output current.
In other words, the 1,,,,, current generator 135 increases the
equivalent R, discharging resistor based on the dimmer
firing angle.

Considering the C.. charge balance, 1t 1s possible to find
the equivalent discharging resistor:

Rpiu ]
Rpmi (1 — apask) — Rraaask

RTE{;HEF&!EHI = Ry

The DC output current 1s therefore:

I sk ] = nkp Rpmi (1 — ampask) — Rrovpask
out L“ MASK QRSGM RT RD.JM
where
Tyask
AMASK = &~ —

and T 1s the line period.

The previous expression shows that the DC output current
depends on the dimmer firing angle (1-o) with a relation-
ship that has a high slope, and can be programmed through
the R ,,,, , resistor. Because of the T, ,, .. delay time, the DC
output current does not change until the dimmer ofi-time 1s
higher than T,,, <z

FIG. 11 shows the dimming circuit 154 of FIG. 9 accord-
ing to one embodiment. The I,,,,, current generator 155 1s
implemented using a control transistor 162 and a current
mirror that includes a diode-connected, bipolar first mirror
transistor 163 and a bipolar second mirror transistor 164
having respective bases connected to each other and respec-
tive emitters connected to the supply terminal Vcc. The
dimming circuit 154 also includes a resistor R 5;,, and the
switch 156 connected 1n series with the control transistor
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162 and the first mirror transistor 163 between the supply
terminal Vcc and ground. The switch 156 1s implemented as
an NPN bipolar transistor having its collector connected to
the resistor R, 1ts emitter connected to ground, and 1its
base connected to the output of the phase angle detector 150
to recerve the a,,, .~ signal. The gain block 157 1s 1mple-
mented using an amplifier 165 having 1ts non-inverting input
connected to receive the B(0) signal, its mverting input
connected to a node between the emitter of the control
transistor 162 and the resistor R,;,,, and 1ts output con-
nected to the base of the control transistor 162.

FIG. 16 shows simulation results of the circuit of FIG. 9

implemented 1n the QR converter of FIG. 7. In FIG. 17 1s
shown a comparison between the prior art converter 30 and
the present disclosure converter 100 modified with the
circuit of FIG. 9 1n terms of dimming curves (output current
versus dimmer firing angle).

Shown 1n FIG. 18 15 an alternative implementation of a
shaper circuit 170, which could be used in place of the
shaper circuit 120 of FIG. 7 to generate the A(0) signal. The
shaper circuit 170 of FIG. 18 includes the resistor R,
capacitor C,,, and switch 132 of the shaper circuit 120 of
FIG. 7 and also includes the resistive voltage divider R_-R,
of FIG. 7. The shaper circuit 170 also has a current generator
172 connected between the supply terminal Vcec and the
resistor R, and configured to supply a current I ,. A
multiplier block 174 has a first input connected to a node
between the output of the current generator 172 and resistor
R, and configured to receive a signal A1(0), a second 1nput
connected to the mid-point of the voltage divider R_-R, and
configured to recerve a signal A2(0) from the voltage divider
R _-R,, and an output configured to supply the A(0) signal.
Considering the C,, charge-balance, the A1(0) voltage

developed across the capacitor C, 1s:

A1(0)

i1

Ler1 T(0) = Ton(6)

where 1,4 1s a constant current produced by the current
generator 172.

Considering that A2(0)=K (V4 sin 0), the A(0) signal
results:

T(6)

A(Q) = KMII"E lR IKPVPKSiHQ
T Ton(6)

Where K, , 1s the gain of the multiplier block 174. Com-
paring the equation for the A(0) signal produced by the
shaper circuit 120 of FIG. 7 with the above equation for the
A(0) signal produced by the shaper circuit 170 of FIG. 18,
the implementation shown 1n FIG. 18 1s equivalent to the
implementation shown in FIG. 7 if the multiplier gain, K, ..
1S:

Eml

Ky =
I.F“Efl

Shown 1n FIG. 19 1s alternative implementation of a bias
circuit 180, which could be used in place of the bias circuit
118 of FIG. 7 to generate the B(0) signal. The bias circuit
180 has an amplifier 182 configured to receive the A(0O)
signal and produce a signal A1(0). The amplifier 182 could
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be configured to receive the A(0) signal from the shaper
circuit 120 of FIG. 2, the shaper circuit 170 of FIG. 18, or
a shaper circuit according to an alternate embodiment 1n
view of the above discussion. Also, the amplifier 182 could
be implemented by the controlled current generator 140,
which produces the current 1, ,(0) proportionally to the
portion of the input voltage V, (0) at the midpoint of the
voltage divider R_—-R,, or an alternate amplifier could be
employed. A first switch 184 1s coupled between the ampli-
fier 182 and the resistor R, and a configured to connect the
amplifier 182 to the resistor R, based on the FW signal
produced by the ZCD block 130. A second switch 186 1s
coupled between the first switch 184 and ground, and 1is
configured to connect the resistor R, to ground based on the
inverted signal FW.

One can determine the B(0) voltage by considering the
following C,. charge-balance:

MO = BO 6 = #T(@)

Rt T

Considering that A,(0)=K A(0), the B(0) signal 1s:

Trw(0)

B(6) = KA(6) 70

where K 1s the voltage gain of the amplifier 182.

In FIG. 20 1s shown an alternative embodiment of a
controller 188, which could be employed in place of the
controller 102 of FIG. 7 to control the power switch M. The
controller 188 1s 1dentical to the controller 102 of FIG. 7
except that the controller 188 includes a shaper circuit 189
instead of the shaper circuit 120. The shaper circuit 189 1s
configured to implement a line voltage feed-forward 1n order
to eliminate the dependence of the signal B(0) on the input
voltage Vin. The shaper circuit 189 includes the same switch
132, current generator 140, resistor R, and capacitor C,, as
in the shaper circuit 120 of FIG. 7. In addition, the shaper
circuit 189 includes a feed-forward circuit 190, which 1s
composed of a peak detector 192, a quadratic voltage divider
194, and a multiplier 196. The peak detector 192 detects a
voltage peak of the portion of the rectified mput voltage
received from the midpoint of the voltage divider R_-R, and
provides an output signal representative of that peak. The
quadratic voltage divider 194 receives the output signal from
the peak detector 192 and produces a feed-forward signal FF
equal to:

1

FF = 5 -
(KpVpk)

The multiplier 196 multiplies the feed-forward signal FF
from the quadratic divider 194 to the signal A(0) produced
at the mtermediate node between the current generator 140
and the capacitor C,, to produce a signal A1(0):

A1(0) =

The current I ~-.{0) provided by the current generator 142,
used to generate the B(0) signal, can be then expressed as:

I+A0)=G,,A41(6).
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Now considering the C charge-balance 1t 1s possible to
find the voltage B(0) developed across the capacitor C.:

Trw (0)
Ton(0)

gmerl
KpVpk

B(Q) = GM RT s1nf

Finally the DC component of the signal B(0) 1s:

Gy Rrgm R 1

Bn =
’ 2Kp Vg

The various embodiments described above can be com-
bined to provide further embodiments. These and other
changes can be made to the embodiments 1n light of the
above-detailed description. In general, 1n the following
claims, the terms used should not be construed to limit the
claims to the specific embodiments disclosed in the speci-
fication and the claims, but should be construed to include
all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly,
the claims are not limited by the disclosure.

The 1nvention claimed 1s:

1. A control circuit, comprising:

a reference voltage circuit configured to generate a ref-
erence voltage signal to control activation of a power
transistor, the reference voltage circuit configured to
generate a {irst signal based upon a first current that 1s
generated based on an instantaneous rectified line volt-
age and further configured to generate a second signal
based upon a second current that 1s generated based on
the first signal, the reference voltage circuit further
configured to generate the reference voltage signal
based upon division of the first signal by the second
signal; and

a driver circuit coupled to the reference voltage circuit
and configured to control activation of the power
transistor based upon the reference voltage signal.

2. The control circuit of claim 1, wherein the reference
voltage circuit further comprises a feed-forward circuit
configured to eliminate a dependence of the second signal on
the 1nstantaneous rectified line voltage.

3. The control circuit of claam 1, wherein the reference
voltage circuit comprises:

a divider circuit having a first input coupled to recerve the
first signal and a second input coupled to receive the
second signal, the divider circuit configured to generate
the voltage reference signal on an output based on the
first and second signals;

a shaper circuit including a first current source configured
to generate the first current, the shaper circuit config-
ured to supply the first current to charge a capacitive
circuit to generate the first signal across the capacitive
circuit; and

a bias circuit including a second current source configured
to generate the second current to charge a parallel-
connected resistor and capacitor to generate the second
signal across parallel-connected resistor and capacitor.

4. The control circuit of claim 3, wherein the shaper
circuit further comprises a series-connected resistor and
switch coupled in parallel with the capacitive circuitry.

5. The control circuit of claim 4, wherein the bias circuit
turther comprises a first switch coupled between the second
current source and the parallel-connected resistor and a
second switch coupled between the second current source
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and a voltage reference node, the first and switches being
configured to switch on and off 1n a complementary manner
responsive to a demagnetization signal.

6. The control circuit of claim 5, wherein the driver circuit
comprises a PWM comparator configured to receive the
reference voltage signal and to drive an RS latch responsive
to the reference voltage signal to control switching of the
power transistor.

7. A power transistor control device, comprising:

means for generating a first current based on an instan-

taneous rectified line voltage;

means for generating a first signal based upon the first

current;

means for generating a second current based on the first

signal;

means for generating a second signal based upon a second

current;

means for dividing the first signal by the second signal to

generate a reference voltage signal; and

means for driving a power transistor based on the refer-

ence voltage signal.

8. The power transistor control device of claim 7, wherein
the means for generating the first signal based on the first
current comprises a means for charging a capacitive element
with the first current to generate the first signal across the
capacitive element.

9. The power transistor control device of claim 8 further
comprising means for discharging the capacitive element
based on a state of the driving of the power transistor.

10. The power transistor control device of claim 9,
wherein the means for generating the second signal based on
the second current comprises a means for charging an RC
component to generate the second signal across the RC
component.

11. The power transistor control device of claim 10 further
comprising;

means for magnetizing and demagnetizing a transformer

based upon the driving of the power transistor; and
means for discharging the RC component based on the
demagnetizing of the transformer.

12. The power transistor control device of claim 7,
wherein the means for driving a power transistor based on
the reference voltage signal comprises means for pulse
width modulating the power transistor.

13. A method of controlling a power transistor, compris-
ng:

generating a first current based on an instantaneous rec-

tified AC line voltage signal;

generating a first signal based upon the first current;

generating a second current based on the first signal;

generating a second signal based upon a second current;
dividing the first signal by the second signal to generate
a reference voltage signal; and

driving the power transistor based on the reference volt-

age signal.

14. The method of claim 13, wherein generating the first
signal based on the first current comprises charging a
capacitive element with the first current to generate the first
signal across the capacitive element.

15. The method of claim 14 further comprising discharg-
ing the capacitive element based on a state of the driving the
power transistor.

16. The method of claim 15, wherein generating the
second signal based on the second current comprises charg-
ing an RC component to generate the second signal across
the RC component.




US 10,128,761 B2
15

17. The method of claim 16 further comprising:

magnetizing and demagnetizing a transformer based upon

the driving the power transistor; and

discharging the RC component based on the demagnetiz-

ing of the transformer. 5

18. The method of claim 13, wherein drniving the power
transistor based on the reference voltage signal comprises
pulse width modulating the power transistor.

19. The method of claim 13 further comprising feeding
torward the 1nstantaneous rectified line voltage to reduce a 10
dependence of the second signal on the instantaneous rec-
tified line voltage.

20. The method of claim 19, wherein feeding forward the
instantaneous rectified line voltage comprises:

detecting a peak of an AC mput voltage and generating a 15

peak signal indicating the detected peak;

generating a feed forward signal based upon the squared

iverse of the peak signal; and

adjusting the value of the first signal based upon the feed

forward signal prior to dividing the first signal by the 20
second signal to generate the reference voltage signal.

G x e Gx o

16



	Front Page
	Drawings
	Specification
	Claims

